Background: There is growing evidence that traffic noise exposure is associated with adiposity among adults but data in children are limited.
Introduction
Noise exposure from traffic sources and in occupational settings can act as stressor for various physiological and metabolic functions (Babisch, 2003; Ising and Kruppa, 2004) . Exposure to transportation noise has been associated with markers of adiposity and diabetes among adults in longitudinal studies (Christensen et al., 2015; Dzhambov and Dimitrova, 2016; Eriksson et al., 2014; Pyko et al., 2017; Sorensen et al., 2013) . However, there is limited evidence on the effect of environmental noise on metabolic outcomes in children and adolescents. In a cross-sectional study found an association between residential road traffic noise exposure and overweight was observed in 7-year old children (Christensen et al., 2016a) . In contrast, development of body mass index (BMI) was not related to road traffic noise exposure in a longitudinal study from birth to 8 years of age (Weyde et al., 2018) . To our knowledge, there is no evidence on long-term noise exposure from road traffic and development of BMI from birth to adolescence.
BMI development during childhood and adolescence is influenced by birth outcomes, including birth weight and duration of pregnancy (Labayen et al., 2006; Pringle et al., 2018) . Maternal environmental and occupational noise exposure during pregnancy have been studied in relation to birth outcomes and subsequent health effects in the children. Some studies indicated a relation between road traffic noise exposure and low birth weight in the offspring (Dadvand et al., 2014; Gehring et al., 2014; Wu et al., 1996) . More limited evidence is available for gestational age, not supporting an association between road traffic noise exposure and preterm birth (Gehring et al., 2014) . Moreover, maternal exposure to aircraft noise has been associated with lower birth weight (Kawada, 2004) . A longitudinal study showed that maternal exposure to road traffic noise during pregnancy was associated with lower BMI at birth but a higher BMI at 8 years (Weyde et al., 2018) . Occupational noise exposure during pregnancy has been associated with lower gestational age, growth retardation and hearing dysfunction in the offspring (Hohmann et al., 2013; Selander et al., 2016) . Overall, the evidence on adverse birth effects in relation to maternal noise exposure during pregnancy appears insufficient to draw conclusions about causal relationships. Moreover, there is only limited evidence on how such exposure may affect growth development in childhood and adolescence.
The aim of this longitudinal study was to investigate BMI from birth to adolescence in relation to exposure to road traffic noise among children and their mothers during pregnancy. Furthermore, we assessed the risk of low birth weight and preterm birth in relation to maternal traffic noise exposure and occupational noise exposure during pregnancy.
Material and methods

Study design and population
The study was conducted in the Swedish population-based birth cohort BAMSE. In brief, 4089 children born 1994-1996 in four predefined areas of Stockholm County were recruited and followed-up via repeated questionnaires, clinical examinations and biological sampling (Ekstrom et al., 2017; Wickman et al., 2002) . Information regarding allergic diseases as well as environmental and lifestyle exposures was collected at ages 2 months, and at 1, 2, 4, 8, 12, and 16 years. At ages 12 and 16 years the study participants filled in additional questionnaires themselves. At the 16 year follow-up the response rates for the questionnaire were 78% and 76% for the parents and children, respectively, compared to the original sample. At the ages 4, 8, and 16 years, the participants were invited to clinical examinations, for which the response rates were 73%, 65% and 64%, respectively.
Noise exposure assessment
Two different approaches were used to assess the noise exposure, one for road traffic noise and another for occupational noise. For the assessment of longitudinal road traffic noise exposure, a noise database was constructed for Stockholm County. The data were collected from several national, regional and local authorities, and are described in detail elsewhere . In brief, noise levels were estimated at the most exposed façade of all residential houses where the study subjects lived. Information on terrain, ground surface, building density and traffic flows on roads was used to calculate the noise levels. The data were available in 5-year intervals from 1990 to 2010, and noise levels between these time points were modelled using linear interpolation. Finally, a time-weighted road traffic noise exposure was calculated based on the residential history of each study subject. Additionally, noise exposure was assessed in time windows in relation to the child's age. To avoid time overlaps between exposure and outcome assessments, noise exposure was estimated with a one year lag, i.e. for BMI measurement at a certain time point exposure during the last year was not included in the time-weighted estimate. Only noise levels at address points in Stockholm County were used; no imputations were made for missing data. Noise exposure during evening and night is more disturbing than during daytime. Consequently, in studies of health effects noise exposure is often expressed as L den which implies that a "penalty" of 5 dB is given to noise exposure during the evening and 10 dB during the night (Murphy and King, 2010) . This corresponds to an addition of 3.4 dB to the equivalent noise level, based on the standard Swedish distribution of noise from road traffic during day, evening and night. The methodology for estimating noise levels from road traffic has been validated against the more detailed Nordic Prediction Method using a standard commercial software (Ögren and Barregard, 2016) .
Maternal occupational noise exposure during pregnancy was estimated based on self-reported occupation. To assess exposure levels, reported occupations were coded and linked to a job-exposure-matrix, which listed more than 300 different occupations and groups of occupations. The methodology was described in detail by Sjostrom et al. (2013) and further developed for our study, mainly resulting in additional noise exposure categories and reassessment of some occupations. Briefly, Nordic occupation codes were used to assess occupational noise in five-year intervals from 1970 to 2014 and levels were expressed in five categories (< 70, 70 ≤ 74, 75 ≤ 79, 80 ≤ 85, > 85 dB(A) ).
Assessment of body mass
At the clinical examinations, weight was measured with light indoor clothes to the nearest 0.1 kg using an electronic scale, and height was measured to the nearest 0.1 cm using a wall-mounted stadiometer. Additionally, data on weight and height for 2594 participants were available from school-and health care records at 10 predefined ages: 6 months ( ± 2 weeks), 12 and 18 months ( ± 4 weeks), 2, 3, 4, and 5 years ( ± 6 months), and 7, 10, and 12 years (−6 to +11 months) (Magnusson et al., 2012) . From the records, it was not possible to assess the exact age of the child at each measurement. Furthermore, self-reported information on weight and height was collected at ages 12 and 16 years. This information was used if the individual lacked information from the health records or clinical examinations (Age 12 years: n = 455; age 16 years: n = 458) (Ekstrom et al., 2015a) . Self-reported information on weight and height in BAMSE has been validated at 16 years (Ekstrom et al., 2015b) . Data on length and weight at birth were collected from the Swedish Medical Birth Register.
BMI was calculated as body weight in kilograms divided by height in meters squared. Overweight (including obesity) was defined according to gender and age-specific cut-offs from the International Obesity Task Force (Cole and Lobstein, 2012) . A detailed overview of the available data at different ages is shown in Supplementary Table S1 . Data on weight and height were available for 4072 individuals (99.6%) for at least one time point during follow-up and were used to calculate an individual's BMI at each pre-defined age. Data availability at specific ages ranged from 31.2% to 96.8% in females and 30.8-97.7% in males, with low availability at 2 and 3 years. Maternal weight and height were measured during the first trimester, with overweight defined at a BMI of 25 to < 30 kg/m 2 and obesity at ≥30 kg/m 2 .
Statistical analyses
Chi-square tests were used to analyse associations between various characteristics in the study sample and occurrence of overweight. The association between road traffic noise exposure from birth to adolescence and longitudinal BMI development was modelled at selected percentiles (10th, 50th and 90th) using quantile regression. The standard errors were asymptotically valid under heteroscedasticity, some types of model misspecification, and possible intra-cluster correlation (Parente and Santos Silva, 2016 ). The same model was used for maternal residential road traffic noise exposure during pregnancy and for exposure from birth to adolescence.
Quantile regression is similar to the traditional linear models, such as linear regression and mixed-effects models, which can estimate means instead of percentiles. The coefficients of quantile regression can be interpreted as those from linear models, with the exception that the former represent the change in the percentile for a one-unit increase of the corresponding independent variable, while the latter represent the change in mean BMI.
The dependent variable in the quantile regression model was BMI. All the available measures of BMI were included. Each child provided multiple measures, one from each visit over the follow-up period. The independent variables were noise exposure and the confounders listed in the next paragraph. For any given child, the confounders did not vary over the follow-up period. Noise exposure entered the regression model by means of five numeric variables, each corresponding to the average exposure during a specific age interval (less than 1, 1-4, 4-8, 8-12, and 12-16 years) . At any given visit, only the exposure in the past age intervals were active predictors.
To address potential confounding in the analyses of road traffic noise exposure and BMI development, we included various covariates in the models which were selected a priori and/or were related to overweight in our material: physical activity (< 5, ≥5 h/week), maternal occupational noise exposure during pregnancy (< 70, 70 ≤ 74, 75 ≤ 79, 80 ≤ 85, > 85 dB(A)), parental smoking during infancy (yes/ no), maternal BMI during pregnancy (normal and overweight/ obese), parental occupation (blue collar, white collar, other), and municipality at birth (Stockholm, Järfälla, Solna, Sundbyberg). In analyses of pregnancy outcome maternal smoking during pregnancy was used instead of parental smoking during infancy. Some investigated factors related to socioeconomic status, such as parental background (Swedish/Non Swedish) and maternal education, were not related to the outcome and not adjusted for in the analysis. Most data on covariates were extracted from the baseline questionnaire. However, information on physical activity was obtained at 16 years of age.
Furthermore, we used logistic regression to calculate odds ratios for the association between residential road traffic noise exposure during specific time windows and overweight at relevant ages. Logistic regression models were also used to assess relationships between maternal occupational or road traffic noise exposure during pregnancy and preterm birth (< 37 weeks of gestation), low birth weight (< 2500 g) and overweight until 16 years of age.
We did a complete case analysis and used the largest number of individuals with available information on noise exposure as well as on relevant covariates and outcomes in each analysis. Consequently, the analyses on birth outcomes included 3760 subjects, while the analyses on BMI development included only 2525 individuals, mainly because many families moved out of Stockholm County during the follow-up period and we lacked full information on residential road traffic noise exposure.
All statistical analyses were performed with Stata (release 14; Stata Corp., College Station, TX, USA). The BAMSE study has been approved by the Regional Ethical Review Board, Karolinska Institutet, Stockholm, Sweden, and participation was based on informed consent.
Results
In total, 2840 (69.7%) individuals were normal weight throughout the follow-up period and 1232 (30.3%) were overweight at any time (Table 1 ). There were significant differences in the distribution of overweight between the four municipalities at birth. Furthermore, overweight was more common among those who were born prematurely, had an overweight mother, whose parents had blue collar occupations or smoked during infancy, and among those who reported physical activity < 5 h/week. Fig. 1 shows the distribution of residential road traffic noise exposure levels at birth and the average noise exposure levels during the follow-up from birth to adolescence. Average noise exposure levels at birth were higher than the time-weighted average up to 16 years of age (52.1 dB L den and 48.3 dB L den , respectively). The highest residential road traffic noise exposure levels were 77.4 dB L den at birth and 68.8 dB L den during follow-up, respectively.
Road traffic noise exposure was not associated with consistent changes in BMI in different age groups (Fig. 2, Table S2 ). In the age group 4-7 years, road traffic noise exposure was associated with a small but statistically significant decrease in BMI. However, BMI increased in relation to road traffic noise exposure in the older age groups, with increments of 0.11 kg/m 2 per 10 dB L den (95% CI 0.08-0.13) at ages 8-11 years and 0.20 kg/m 2 per 10 dB L den (95% CI 0.17-0.22) in the age group 12-16 years. The overall pattern across age groups was consistent in boys and girls. No marked effect by adjustments for covariates was observed. The results for the 10th and 90th percentiles corresponded to those based on the median BMI from birth to adolescence (Supplementary Tables S3 and S4 ). Furthermore, no association was found between exposure to residential road traffic noise and overweight at different ages (Fig. 3) . A. Wallas et al. Environmental Research 169 (2019) 362-367 No clear associations were observed between maternal occupational noise exposure during pregnancy and low birth weight, prematurity or BMI development until adolescence (Table 2 ). However, there was an inverse association between maternal road traffic noise exposure during pregnancy and preterm birth (OR 0.72, 95% CI 0.59-0.90 per 10 dB L den ). Furthermore, no associations were seen between maternal road traffic exposure during pregnancy and BMI from birth to adolescence (Fig. 4, Supplementary Table S5 ).
Discussion
Residential road traffic noise exposure was associated with significant increases in BMI at 8-11 years and 12-16 years but not at earlier ages. Maternal exposure to road traffic noise during pregnancy was associated with a decreased risk of preterm birth. However, no clear association appeared between occupational noise exposure during pregnancy and the risk of low birth weight or prematurity. Furthermore, maternal exposure to road traffic noise during pregnancy was not related to BMI from birth to adolescence.
There are different hypotheses concerning noise as a risk factor for weight development and other markers of obesity. Stress hormones, such as cortisol, may be released as a consequence of exposure after activation of the hypothalamic-pituitary-adrenal axis. High cortisol levels can lead to weight gain (Spiegel et al., 1999; Van Cauter et al., 2008) . A prospective study on children and adolescents found associations between perceived stress and changes in BMI or waist scores (van Jaarsveld et al., 2009) . Another reason for weight gain may be noise-induced sleep deprivation, which may result in changes in levels of the appetite regulating hormones, leptin and ghrelin (Chaput et al., 2007; Taheri et al., 2004) . Maternal exposure to aircraft noise during pregnancy can result in vasoconstriction, which in turn may lead to decreased utero-placenta blood flow (Viet et al., 2014) . Elevated noise Fig. 2 . Changes in median BMI in relation to road traffic noise exposure in different age groups (per 10 dB L den ). Note: Adjustment for age group, parental occupation, maternal occupational noise exposure during pregnancy, parental smoking during infancy, physical activity, maternal BMI and municipality at birth.
Fig. 3.
Odds ratio for overweight in relation to road traffic noise exposure in different age groups (per 10 dB L den ). Note: Adjustment for age group, parental occupation, smoking during pregnancy, maternal BMI and municipality at birth.
Table 2
Odds ratios (OR) and 95% confidence intervals (CI) for road traffic and occupational noise exposure during pregnancy in relation to pregnancy outcomes and overweight until adolescence.
Noise exposure during pregnancy
Preterm birth (< 37 weeks) Low birth weight (< 2500 g) Overweight Changes in BMI at given ages in relation to maternal road traffic noise exposure during pregnancy (per 10 dB L den ). Note: Adjustment for age group, parental occupation, maternal occupational noise exposure during pregnancy, parental smoking during infancy, physical activity, maternal BMI, and municipality at birth. levels may also lead to increased maternal stress hormone levels and decreased human placental lactogen, which affects the energy supply to the foetus. We observed irregular changes in BMI from birth to adolescence, when we divided the lifetime noise exposure into time windows censored at certain ages. However, road traffic noise exposure was consistently associated with BMI from school age to adolescence. There is a limited number of studies in adults on development of BMI or weight in relation to environmental noise exposure, some showing positive associations (Christensen et al., 2015 (Christensen et al., , 2016b Eriksson et al., 2014; Oftedal et al., 2015; Pyko et al., 2015) . In a Danish study, Christensen et al. (2016a Christensen et al. ( , 2016b found an association with overweight, but not BMI, at age 7 years in relation to residential road traffic noise exposure. A recent study from Norway did not find a relation between road traffic noise exposure and BMI trajectories from birth to age 8 years (Weyde et al., 2018) , which is consistent with our findings. Overall, there does not seem to be conclusive evidence of a role for road traffic noise exposure in BMI development in children. In adults, the evidence primarily points to the effect of noise on waist circumference , which may involve different mechanisms than for BMI. Unfortunately, no information was available on waist circumference in the present study.
We did not find any association between maternal occupational-or residential road traffic noise exposure during pregnancy, and birth weight. In contrast, Gehring et al. (2014) reported inverse relations between road traffic noise exposure and birth weight. In a recent longitudinal study, Weyde et al. (2018) found an association between maternal road traffic noise exposure during pregnancy and BMI trajectories from birth to age 8 years and. Children of mothers exposed to an average of 65 dB L den during pregnancy had a lower predicted BMI at birth, but a higher predicted BMI at age 8 years, compared to mothers exposed to an average of 45 dB L den . Elsewhere, in a cohort of pregnant women in Taiwan, no association was found between maternal occupational or residential traffic noise exposures and birth weight (Wu et al., 1996) . The authors suggested that the lack of association could be related to the comparably low noise levels. Low noise exposure levels, especially maternal occupational noise exposure, may also partly explain the absence of associations also in our study, Furthermore, we lacked information as to the gestational age to which the mothers worked, which may have contributed to some uncertainty in the exposure estimation.
We found a significantly decreased risk of being born preterm in relation to road traffic noise exposure during pregnancy. There is no obvious biological explanation for this observation. Previous studies show contradictory results. Whereas one study found prenatal noise exposure to be associated with preterm labour but not preterm birth, another study found no significant association between being born preterm and self-reported occupational noise exposure during pregnancy (Magann et al., 2005; Saurel-Cubizolles et al., 2004) . In our study, socioeconomic confounding may contribute to the findings since there was a positive relation between exposure to road traffic and SES in the BAMSE cohort (Gruzieva et al., 2012) , which is explained by higher apartment prices in central Stockholm where exposure to road traffic noise is also more abundant. Studies have indicated associations between SES and adverse birth outcomes (Bushnik et al., 2017; Peacock et al., 1995; Wadhwa et al., 1993) . Despite efforts to adjust for SES, we acknowledge that some residual confounding may have resulted.
Our study has several limitations. First, we lacked information on noise exposure at school. A study on Swedish children in primary school found that indoor noise levels in classrooms ranging from 59 to 87 dB (A) L den had a negative health impact with indirect and direct relation to stress reactions such as the release of cortisol (Walinder et al., 2007) . Furthermore, we did not have sufficient information on maternal occupational exposure, such as actual exposure times. A third possible limitation is the exposure to relatively low levels from residential road traffic in our study population. A recent study from our cohort did not indicate a clear relation between residential road traffic noise exposure and saliva cortisol levels in adolescence . Only 19% of our study subjects were exposed to time-weighted average road traffic noise levels at the façade of 55 dB L den or higher, whilst more than 50% were exposed to such levels in the studies by Christensen et al. (2016a Christensen et al. ( , 2016b and Weyde et al. (2018) .
Strengths of our study include the availability of extensive data on background characteristics as well as on environmental exposures and lifestyle factors for individuals of the BAMSE cohort. Comprehensive information on residential addresses gave us the opportunity to assess longitudinal road traffic noise exposure with detailed information on noise sources, and individual assessment of noise levels. Additionally, we had access to extensive information on the development of BMI throughout childhood to adolescence.
Conclusions
We observed an association between road traffic noise exposure and increases in BMI from school age to adolescence, but not at earlier ages. Furthermore, neither maternal occupational noise exposure nor exposure to road traffic noise during pregnancy was consistently related to birth outcomes or BMI from birth to adolescence.
